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Abstract 
“What is the difference between space and time?” is an ancient question that remains 
a matter of intense debate.1 In Newtonian mechanics time is absolute, while in 
Einstein’s theory of relativity time and space combine into Minkowski spacetime. 
Here, we firstly propose Minkowski fermions in 2+1 dimensional Minkowski 
spacetime which have two space-like and one time-like momentum axes. These 
quasiparticles can be further classified as Klein-Gordon fermions and 
Dirac-Minkowski fermions according to the linearly and quadratically dispersing 
excitations. Realization of Dirac-Minkowski quasiparticles requires systems with 
particular topological nodal-line band degeneracies, such as hyperbolic nodal lines or 
coplanar band crossings. With the help of first-principles calculations we find that 
novel massless Dirac-Minkowski fermions are realized in a metastable bulk boron 
allotrope, Pnnm-B16. 
  
In crystalline solids the macroscopic transport phenomena can be described by 
resorting to the semi-classical approximation that considers dynamics of wave packets 
constructed from Bloch wave functions2. These wave packets, behaving like distinct 
particles, are commonly referred to as quasiparticles3 or fermions. The band structures 
of crystalline solids describe the relationship between the energy and momentum of 
such quasiparticles. The extrema of the valence conduction bands in a classical 
semiconductor are described by the band dispersion relationship
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where E is the energy of the quasiparticle, px, py, pz represent the components of 
momentum proportional to the wave vector, p k   , and the effective masses mxx, myy 
and mzz are defined in the frame of principal axes reflecting the anisotropy of the band 
dispersion. The case of mxx, myy, mzz >0 describes the conduction band minimum and 
the corresponding charge carriers are referred to as the “electron quasiparticles”. 
Similarly, the case of –mxx, –myy, –mzz <0 corresponds to the “hole quasiparticles” at 
the top of the valence band. Our story, however, will consider scenarios described by 
effective masses mxx, mzz > 0, –myy < 0 and –mxx, –mzz < 0, myy > 0. 
Here, we employ the metric theory for describing the qusiparticles. In the 
nonrelativistic case, we impose the classical momentum-energy relationship,
2 / 2E p m , and define 2p p p  ,  where , , ,x y z    and   is the spatial 
metric. The introduction of    implies that the fermion’s properties are determined 
by the ground-state atomic structure and the effects of periodic potential field. In a 
general case,   in its principal axes system is xx yy zz
xx yy zz
m m m
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its off-diagonal elements are zero. We now assume 0yy
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0zz
zz
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   . It implies that , ,xx yy zz    not only have different values but also different 
signs, and thus change the space from ellipsoidal Euclid space to the hyperbolical 
Minkowski space5. We define Minkowski fermions as the quasiparticles with 
Minkowski spatial metric.6 
By employing Lorentz transformation, Einstein used Minkowski space to 
describe spacetime in the theory of relativity. The Minkowski metric can be written as 
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Below, we will refer to the x and z axes as the space-like axes, while to the y axis as 
the time-like axis.  
As follows from the Minkowski metric, Minkowski fermions are the 
quasiparticles at the saddle point of an electronic band. Physical phenomena occurring 
at the saddle points have been extensively discussed in past, e.g. in the context of  
Lifshitz transition7,8, and the Landau level transition from continuous to discretized 
spectrum under different orientations of the magnetic field9,10. The saddle-point 
singularity is in fact very common at the high-symmetry momenta of the energy band 
structures from simple materials such as alkali metal lithium (see Supplementary Fig. 
S1) to a flat CuO2 planes in high-temperature superconductor YBa2Cu3O7 11. However, 
all of them are topological trivial due to the lack of band crossing. 
We will now make a step forward and extend the one-band Minkowski fermions 
model to the 2-band model by introducing the electron-hole symmetry. The 
Hamiltionian becomes 
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where  ˆ /p i      and the symbol    distinguishes electrons from holes. In this 
equation, y is the time-like axis, hence we set y ct   (note, time t is just a 
mathematical notation by analogy and should be distinguished with the true time). By 
introducing normalization ' 2 / , ' 2 / , ' 2 /xx yy zzx x m m t t m m z z m m    and natural units,
1c  , Hamiltonian (2) becomes 
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Equation (3) is equivalent to free 2+1 dimensional Klein-Gordon equation12 
2 2 2
t m     , in (x,z,t) spacetime. 
Klein-Gordon equation describes spinless bosons, such as the pion and the 
recently discovered Higgs boson. However, here we build Klein-Gordon-like 
“fermions” in 2+1 dimensional (2+1D) Minkowski spacetime. This implies one axis is 
chosen as time-like dimension and the 3 dimensional (3D) Euclid space is mapped 
onto the 2+1D Minkowski spacetime of the quasiparticles. Electrons and holes in real 
space can now be treated as Klein-Gordon fermions, a new type of fermions that 
should be distinguished from the massless Dirac fermions and the massive fermions 
associated with the quadratic band dispersion. 
For the band dispersion related to the Klein-Gordon fermions, the valence and 
conduction bands touch at the Fermi level, which is set to zero energy for simplicity 
(Figs. 1 a,b). The two nodal lines, composed of crossing points of the valence and 
conduction bands, coplanar cross in the px-py plane. That is, Minkowski fermions can 
be found in systems with two coplanar crossing nodal lines13. 
The nodal-chain metals hosting a new type of fermion quasiparticles was 
proposed to be realized in IrF414 and TiB215. Excitations in these systems can be 
treated as an extension of Klein-Gordon fermions because the energy-momentum 
relationship was 2 2 2 2(( ) / / / ) ( )x xx y yy z zz y zE p b m p m p m b O p p       , where a second 
order perturbation term ( )y zO p p  is attributed to band repulsion resulting in the 
formation of chain instead of uniparted hyperboloid.  
The energy-momentum relationship underlying Klein-Gordon fermions (3) is still 
a quadratic equation. We can now follow the steps of Paul Dirac16 to build a linear 
equation with relativistic theory in Minkowski spacetime. In a 2+1D system in 
relativistic theory  
2 2 2 2 2 4( )t x zE e p c p c p c m c    ,            (4) 
where 1e    identifies the pair of fermions and their corresponding antiparticles, i.e. 
electrons (e = -1) and holes (e = 1). Then, we introduce the mass anisotropy obtaining 
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so the Dirac-Minkowski fermions are well defined in a crystal with local dispersion 
relation from Eq. (6). 
Compared to the Minkowski fermion model considered in the beginning, the use 
of Dirac undetermined coefficient method to decrease the equation from quadratic to 
linear and the introduction of the Pauli matrices makes Dirac-Minkowski fermions to 
be a group of four fermions. On the other hand, compared to the 2D Dirac fermions, 
like graphene, the introduction of the new time-like axis, the y tep c   term, breaks the 
original symmetry, resulting in two bands being split into four non-degenerated bands.  
Here, if we only consider the conduction band and the valence band near the 
Fermi level, i.e. the middle two bands, the dispersion   
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describes the energy-moment relation of electrons and holes. Since y tp c   and 
2 2 2 2 2 4
x x z z tp c p c m c    have different signs,  it satisfies our definition of Minkowski 
fermions. 
 The Dirac-Minkowski fermions can be further divided into two classes according 
to their mass. As shown in Fig. 1d, for massive Dirac-Minkowski fermions with m ≠ 0, 
a gap of 22 tmc   is opened at ݌Ԧ = 0 with a dispersion of normal semiconductor in the 
px-pz plane. However, in the px-py plane, conduction and valence bands touch forming 
the hyperbolic nodal lines at E = 0. 
For m = 0 four bands form a degeneracy at ݌Ԧ  = 0 resulting in an 
eight-component fermions when spin degeneracy is taken into account (Fig. 1e and f). 
In the px-pz plane, it has a two-dimensional (2D) Dirac cone band dispersion, while in 
the px-py plane, the conduction and valence bands are joined together with two 
coplanar crossing nodal lines (Fig. 1e), similar to the case of Klein-Gordon fermions. 
In the case of Klein-Gordon fermions, the energy-momentum relationship is 
quadratic in all three dimensions. For massive Dirac-Minkowski fermions, the 
energies show linear dispersion along the time-like momentum direction and 
quadratic dependence on the space-like momentum. For the massless 
Dirac-Minkowski fermions, the energies have linear dispersion along all three 
momentum axes, no matter whether they are time-like or space-like. Different from 
normal quasiparticles (free-electron-like, Dirac or Weyl fermions) in Euclid space, all 
the Minkowski fermions have one time-like axis, which has different effective masses 
with opposite signs, compared to the other two space-like axes. Minkowski systems 
are semimetals with nodal lines because opposite signs of effective masses lead to the 
degeneracies of the valence and conduction band. Massive Dirac-Minkowski fermions 
are characterized by hyperbolic nodal lines while Klein-Gordon and massless 
Dirac-Minkowski fermions have coplanar crossing nodal-line degeneracies. 
Hyperbolic nodal lines and coplanar crossing nodal lines are different from previously 
discussed nodal line forms, such as elliptical nodal lines17.  
Furthermore, the first derivative of energy, /E p    is not continuous at the nodes. 
This implies that the derivation chain rule is violated and the principal axis 
approximation may not hold. For all the three types of Minkowski fermions 
(Klein-Gordon, massive Dirac-Minkowski and massless Dirac-Minkowski fermions), 
one cannot simply use three principal axes to represent the behavior of electrons or 
holes. In other words, one cannot guess the entire energy-momentum relation of 
fermions by only knowing three orthogonal one-dimensional dispersions. For example, 
for the band structure of Minkowski fermions, 
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    . This means that 2D and even 3D dispersions are 
necessary to evaluate a fermion behavior, especially for Minkowski fermions. 
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previously investigated 2D structure, Pmmn-B8, which was proved to have anisotropic 
Dirac fermions in 2D Euclid space.20. The position of layer A was shifted 0.17a (0.53 
Å) from layer B along [010] direction and the interlayers are connected by multicenter 
B-B bonds. As a result, compared with Pmmn-B8, Pnnm-B16 inherit its Dirac fermion 
band dispersion in the px-pz plane, but also has a different dispersion in the py  
direction that allows to assign space-like axes to x and z and the time-like axis to y. 
As a metastable phase at atmospheric pressure, Pnnm-B16 has a binding energy of 
-6.12 eV/atom relative to a single B atom, while the binding energies are -6.40 
eV/atom of the stable phase α-boron, -6.01 eV/atom of single sheet of the -phase and 
-6.06 eV/atom of 2D-Pmmn-B8. Pnnm-B16 is more stable than many suggested 
structural phases of boron. In addition, the calculated phonon spectrum indicates that 
this phase is dynamically stable at ambient condition (supplementary Fig. S2). 
As shown in the band structure in supplementary Fig. S3, Pnnm-B16 is a 
semimetal with conduction and valence bands forming several degeneracies at the 
Fermi level. These degeneracies are protected by symmetry, that is the band crossings 
belong to different symmetry representations.21 Particularly, in the Г-X-S plane in the 
Brillouin zone (BZ) of Pnnm-B16, the little point group is Cs, which has two 
irreducible representations, A’ and A”. As shown in Fig. 3a, at point Г, there are four 
energy levels with the sequence of A”, A’, A’, A” while two A’ (A”) levels on the 
X-S line in the BZ boundary are degenerate as required by symmetry. This guarantees 
the presence of two intersections of A’- and A’’-symmetry bands between Г and X 
and between Г and S. As shown in Fig. 2a, one crossing is near the Fermi level in 
both Г-X and Г-S segments, which indicates the presence of a nodal line that crosses 
these segments. Unlike in common nodal-line semimetal, the double degenerate levels 
A’ and A” in the X-S line cross each other and the crossing at (0.188, 0.5, 0) is also 
protected by symmetry. Therefore, there is a quadruple degenerate (eight-component, 
if spin is considered) point in the X-S line and two nodal lines coplanar intersect at 
this point as shown in Fig. 2b. Dispersion of these four bands satisfies the quaternion 
of massless Dirac-Minkowski fermions and implies there is a Dirac-Minkowski point 
on the X-S line. 
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ignore the effect of spin-orbit coupling in Pnnm-B16. 
The Dirac-Minkowski point is the intersection of the nodal line and the BZ 
boundary. Because this intersection with BZ boundary is not orthogonal, the nodal 
line reflects back into the first BZ resulting in a crossing of two nodal lines. In fact, 
such reflection at the BZ boundary is a simple and efficient way of identifying 
Dirac-Minkowski systems.  
As shown in Fig. 3c, there are four Dirac-Minkowski points at the first Brillouin 
boundary protected by the time-reversal and mirror symmetries at (±0.0592, ±0.0596, 
0) × 2π Å-1, or (±0.188, ±0.5, 0) in terms of the fractional coordinates. We consider 
(0.188, 0.5, 0) as a representative Dirac-Minkowski point and place it at the origin. 
Coefficients cx+ = 33.7 eV·Å, cx- = 18.2 eV·Å, ct = cy = 19.0 eV·Å, cz  = 26.5 eV·Å 
and m = 0 were obtained by fitting Eq. (7) to the calculated Fermi velocities of 
0.82×106, 0.44×106, 0.46×106 and 0.64 ×106 m/s for the x+, x-, y and z directions, 
respectively. The difference between the x+ and x- Fermi velocities implies an 
asymmetric band dispersion relation in the x direction, which originates from two 
bands with distinct wave functions, i.e. A’ and A” bands shown in Fig. 3a. All Fermi 
velocities have in the discussed material are comparable to the one of graphene, 34 
eV·Å (0.84×106 m/s) in our calculation and about 1.0×106 m/s in previous reports22. 
In the vicinity of the Dirac-Minkowski point, the two nodal lines can be 
considered straight lines, as imposed by Eq. (7) for m = 0. However, away from the 
Dirac-Minkowski point, the nodal lines show noticeable bending (Fig. 3b). This 
bending can be explained by the fact that the Dirac-Minkowski point is located away 
from Г point. In the nearly-free-electron model and the k·p perturbation theory, the 
band energy tends to a form of 2 2( )E k k
    (k is the vector relative to the Г point) to 
minimize its kinetic energy if we ignore the periodic potential. In Pnnm-B16, the nodal 
lines tend to bend into a ring with the center at the Г point. Interestingly, if we define 
the middle of nodes for a fixed ky around Dirac-Minkowski point to make up a 
“geodesic line”, this geodesic line will deviate true time-like ky axis (supplementary 
Fig. S4). If there is an observer in the fermion spacetime, he will conclude that the 
energy can warp the time and space, which is analogous to Einstein’s general 
relativity. 
As shown in Figs. 3d and 3e, in both kx - ky plane (kz = 0) and kx - kz plane (ky = 
0), the band structure accords with the Dirac-Minkowski model. However, for kz ≠ 0 
and ky ≠ 0 protection by symmetry is lost and a small gap opens as shown in Fig 3f. 
As a result, the band dispersion deviates from the Dirac-Minkowski model, even 
though this deviation is quite small. The most pronounced deviation in the kx - kz 
plane is along the line / /y z z yk k c c  , where should be another nodal line in perfect 
Dirac-Minkowski model. On this line, the band repulsion gives a new Fermi velocity 
' /v E n     ±1.3 eV·Å with n  being the line direction, although it is much smaller 
than cx+, cx-, cz and ct. We suggest that it is a second order perturbation of ( )y zO k k   and 
in many cases the band gap opening can be ignored when studying the electronic 
transport phenomena of the Dirac-Minkowski fermions. 
Besides the nodal lines forming the Dirac-Minkowski points, there is another 
nodal line in the Г-X-Z plane. These two types of nodal lines cross on the Г-X line 
forming a nodal chain point. By time-reversal symmetry, there should be one pair of 
nodal chain points on both sides of the Г point. 
We find that Pnnm-B16 has the coplanar nodal-line crossing hosting 
Dirac-Minkowski fermion quasiparticles.  In fact, nodal-line semimetal phases are 
found in many materials including TiB215, three-dimensional graphene networks17, 
Cu3PdN23, etc. One can expect to find novel nodal line topologies and other 
realizations of massive or massless Dirac-Minkowski fermion quasiparticles in 
condensed systems. Furthermore, photonic crystals and artificial microstructures24 
host topological phases, but these systems can often be engineered in a controlled way, 
thus one may expect new types of Dirac-Minkowski quasiparticles to be discovered. 
Moreover, lattice field theory is an effective method to solve non-perturbative 
problem and our work suggests that a well-designed lattice can change from ground 
3D and 4D Euclid space to 2+1 and 3+1D Minkowski spacetime, which implies a 
microscopic inhomogeneity and structure might lead a macroscopic change in space 
characteristics, i.e. a microscopic space axis change to a macroscopic time axis. 
In 2005, Science journal listed 125 questions in science, one of which is “Why is 
time different from other dimensions?”.1 Although this question is still open in the 
case of real spacetime, we can give an insight in the view of condensed matter physics. 
Here we build fermions with 2 space and 1 time dimensions from a crystal in 3 purely 
“space” dimensions. So time axis can be considered as a derivative of space axis in 
the presence of a periodic field. In 1972, P. W. Anderson said famous quote “more is 
different”,25 and here we can say this difference can as large as that between time and 
space. 
In conclusion, we built three types of fermions in 2+1 dimensional Minkowski 
spacetime: Klein-Gordon fermions, and derived from them, massive and massless 
Dirac-Minkowski fermions. These novel fermions have two space-like momentum 
axes and one time-like axis. Their condensed matter realization requires a semimetal 
with particular topology of nodal lines, such as hyperbolic curve or coplanar crossing, 
in contrast to the usual elliptical nodal lines. Here, using symmetry and reflection at 
the BZ boundary, we find Dirac-Minkowski fermions in a metastable boron phase, 
Pnnm-B16. This proves that one can build time-like axis in presence of periodic field 
in a pure 3D space system. The prediction of the new type fermions in Minkowski 
space will change our comprehension of fermions and time, and have impact on our 
understanding of condensed matter physics and fundamental physics. 
 
METHODS 
Ab initio calculation were performed using density functional theory (DFT) within the 
Perdew-Burke-Ernzerhof (PBE) functional and local density approximation (LDA) 
exchange-correlation functional of Ceperley and Alder, as parameterized by Perdew 
and Zunger (CA-PZ)26 in the framework of the all-electron projector augmented wave 
(PAW) method27 as implemented in the VASP code28. For B atoms we used PAW 
potentials with 1.7 a.u. core radius and 2s2p electrons treated as valence. The 
evolutionary algorithm code USPEX19, used here for predicting new stable structures, 
searches for the lowest-enthalpy structures at given pressure and is capable of 
predicting stable compounds and structures. A number of applications19,29-33 illustrate 
its predictive power. In the structure prediction, we used a plane-wave kinetic energy 
cutoff of 650 eV, and the Brillouin zone was sampled with a resolution of 2π × 0.05 
Å-1, which showed excellent convergence of the energy differences, stress tensors and 
structural parameters. For further band structure calculation we used a higher energy 
cutoff of 850 eV. Phonon spectrum is calculated by the PHONOPY code34. The 
nodal- line structure was found with the aid of WannierTools35. 
Reference 
1  So Much More to Know. Science 309, 78‐102 (2005). 
2  Venema L. et al. The quasiparticle zoo. Nat. Phys. 12, 1085 (2016). 
3  Landau L. D. On the theory of the Fermi liquid. Sov. Phys. JETP 8, 70 (1959). 
4  Ashcroft N. M. & Mermin N. D. Solid State Physics (1st Edition edn) 299‐302 (Harcourt College 
Publishers, 1976). 
5  Minkowski  H.  Die  Grundgleichungen  für  die  elektromagnetischen  Vorgänge  in  bewegten 
Körpern. Mathematische Annalen 68, 472‐525 (1910). 
6  Lee  J. M. Riemannian manifolds: an  introduction  to curvature  (Springer Science & Business 
Media, 2006). 
7  Lifshitz I. M. Anomalies of electron characteristics of a metal in the high pressure region. Sov. 
Phys. JETP 11, 1130 (1960). 
8  Volovik G. E. Topological Lifshitz transitions. Low Temp. Phys. 43, 47‐55 (2017). 
9  Baldereschi A. & Bassani F. Landau Levels and Magneto‐Optic Effects at Saddle Points. Phys. 
Rev. Lett. 19, 66‐68 (1967). 
10  Giura M. & Wanderlingh F. Landau Levels at Saddle Points and Magnetoacoustic Effects. Phys. 
Rev. Lett. 20, 445‐448 (1968). 
11  Gopalan  S.,  Gunnarsson  O.  &  Andersen  O.  K.  Effects  of  saddle‐point  singularities  on  the 
electron lifetime. Phys. Rev. B 46, 11798‐11806 (1992). 
12  Greiner W. & Müller B. Quantum mechanics: symmetries (Springer Science & Business Media, 
2012). 
13  Burkov  A.,  Hook  M.  &  Balents  L.  Topological  nodal  semimetals.  Phys.  Rev.  B  84,  235126 
(2011). 
14  Bzdušek T., Wu Q., Rüegg A., Sigrist M. & Soluyanov A. A. Nodal‐chain metals. Nature 538, 
75‐78 (2016). 
15  Feng X., Yue C., Song Z., Wu Q. & Wen B. Topological Dirac Nodal‐net Fermions in AlB2‐type 
TiB2 and ZrB2. arXiv preprint arXiv:1705.00511 (2017). 
16  Dirac P. A. The quantum theory of the electron in Proceedings of the Royal Society of London 
A: Mathematical, Physical and Engineering Sciences. 117, 610‐624 (1928). 
17  Weng  H.  et  al.  Topological  node‐line  semimetal  in  three‐dimensional  graphene  networks. 
Phys. Rev. B 92, 045108 (2015). 
18  Lyakhov  A.  O.,  Oganov  A.  R.  &  Valle  M.  Crystal  structure  prediction  using  evolutionary 
approach. Modern Methods of Crystal Structure Prediction(ed. A.R. Oganov), 147‐180 (2010). 
19  Oganov  A.  R.  &  Glass  C.  W.  Crystal  structure  prediction  using  ab  initio  evolutionary 
techniques: Principles and applications. J. Chem. Phys. 124, 244704‐244704 (2006). 
20  Zhou X.‐F. et al. Semimetallic Two‐Dimensional Boron Allotrope with Massless Dirac Fermions. 
Phys. Rev. Lett. 112, 085502 (2014). 
21  Mead  C.  A.  The  "noncrossing"  rule  for  electronic  potential  energy  surfaces:  The  role  of 
time‐reversal invariance. J. Chem. Phys. 70, 2276‐2283 (1979). 
22  Castro Neto A. H., Guinea  F., Peres N. M. R., Novoselov K.  S. & Geim A. K. The electronic 
properties of graphene. Rev. Mod. Phys. 81, 109‐162 (2009). 
23  Yu R., Weng H., Fang Z., Dai X. & Hu X. Topological Node‐Line Semimetal and Dirac Semimetal 
State in Antiperovskite Cu3PdN. Phys. Rev. Lett. 115, 036807 (2015). 
24  Lu L., Fu L., Joannopoulos J. D. & Soljacic M. Weyl points and  line nodes  in gyroid photonic 
crystals. Nat. Photon. 7, 294‐299 (2013). 
25  Anderson P. W. More Is Different. Science 177, 393‐396 (1972). 
26  Perdew J. P. & Zunger A. Self‐interaction correction to density‐functional approximations for 
many‐electron systems. Phys. Rev. B 23, 5048‐5079 (1981). 
27  Blochl P. E. Projector augmented‐wave method. Phys. Rev. B 50, 17953 (1994). 
28  Kresse G. & Furthmuller  J.,  rgen. Efficiency of ab‐initio  total energy  calculations  for metals 
and semiconductors using a plane‐wave basis set. Comput. Mat. Sci. 6, 15‐50 (1996). 
29  Ma Y. et al. Transparent dense sodium. Nature 458, 182‐185 (2009). 
30  Oganov A. R. et al. Ionic high‐pressure form of elemental boron. Nature 457, 863‐867 (2009). 
31  Zhu Q. et al. Stability of xenon oxides at high pressures. Nat. Chem. 5, 61‐65 (2012). 
32  Zhang  W.  et  al.  Unexpected  Stable  Stoichiometries  of  Sodium  Chlorides.  Science  342, 
1502‐1505 (2013). 
33  Dong  X.  et  al. A  stable  compound  of  helium  and  sodium  at  high  pressure. Nat.  Chem.  9, 
440‐445 (2017). 
34  Togo A., Oba F. & Tanaka I. First‐principles calculations of the ferroelastic transition between 
rutile‐type and CaCl2‐type SiO2 at high pressures. Phys. Rev. B 78, 134106 (2008). 
35  Wu Q.,  Zhang  S.,  Song H.‐F.,  Troyer M. &  Soluyanov A. A. WannierTools  : An open‐source 
software package for novel topological materials. Comput. Phys. Commun. (2017). 
 
Acknowledgements.  This work was supported by the National Science Foundation of China 
(Grant No. 11674176), Tianjin Science Foundation for Distinguished Young Scholars (Grant No. 
17JCJQJC44400), and the 111 Project (Grant B07013). Q.W. and O.V.Y. acknowledge support by 
the NCCR Marvel. The calculation was performed on the TianheII supercomputer at Chinese 
National Supercomputer Center in Guangzhou and at the Swiss National Supercomputing Centre 
(CSCS) under Project No. s675. 
 
Author Contributions X. F. Z. and X. D. designed the research. X. D., X. F. Z., Q. W. and X. L. 
H. performed the calculations. All of authors analyzed the results, X. D., X. F. Z., O. V. Y. and Q. 
W. wrote the paper. 
 
Author information The authors declare no competing financial interests. Correspondence and 
requests for materials should be addressed to X. F. Z. (xfzhou@nankai.edu.cn) and H. T. W 
(htwang@nankai.edu.cn). 
